Abstract Deltamethrin is one of the most commonly used pyrethroid in agricultural practice in different geographic regions of the world. It is detected in many environments, especially in soil and water, and can exhibit toxic effect to human and other organisms. In this study, we describe two bacterial strains DeI-1 and DeI-2, isolated from soil, and both identified as Serratia marcescens based on profile of the fatty acid methyl esters, biochemical test, and 16S RNA gene analysis, which were shown to efficiently degrade deltamethrin. Degradation of deltamethrin in mineral salt medium (50 mg l -1 ) proceeded by strains DeI-1 or DeI-2 reached the values of 88.3 or 82.8 % after 10 days, and DT50 was 2.8 or 4.0 days, respectively. Bioaugmentation of deltamethrin-contaminated non-sterile soils (100 mg kg -1 ) with strains DeI-1 or DeI-2 (3 9 10 6 cells g -1 of soil) enhanced the disappearance rate of pyrethroid, and its DT50 was reduced by 44.9, 33.1, 44.4, and 58.2 days or 39.1, 25.8, 35.6, and 46.0 days in sandy, sandy loam, silty loam, and silty soils, respectively, in comparison with non-sterile soils with only indigenous microflora. The three-way ANOVA indicated that DT50 of deltamethrin was significantly (P \ 0.01) affected by soil type, microflora presence, and inoculum, and the interaction between these factors. Generally, the lower content of clay and organic carbon in soil, the higher degradation rate of deltamethrin was observed. Obtained results show that both strains of S. marcescens may possess potential to be used in bioremediation of deltamethrincontaminated soils.
Introduction
Deltamethrin ((S)-a-cyano-3-phenoxybenzyl (1R,3R)-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropane carboxylate) ( Fig. 1) is a broad-spectrum insecticide belonging to pyrethroids. They are synthetic compounds that made to mimic the pyrethrins produced by chrysanthemum flowers. Deltamethrin has been applied widely around the world for more than 30 years on various crops including cotton, corn, cereals, soybeans, and vegetables for pests such as mites, ants, weevils, and beetles. As a result of year-long application, it is detected in many environmental matrices, especially in soil and water where it can exhibit toxic effect to target and non-target organisms (Hintzen et al. 2009; You et al. 2009 ). As extremely lipophilic, deltamethrin easily penetrates the cuticles of insects and acarines, as well as kills insects through ingestion. It acts as neurotoxin, and a-cyano group induces the inhibition of the sodium channel activation gate. This results in prolonged permeability of the nerve to sodium leading to blockage of nerve conduction. Deltamethrin can also affect activity of the chloride and calcium channels, possibly due to their phosphorylation (Burr and Ray 2004) .
Deltamethrin as hydrophobic compound has a low mobility in soils. This property causes strong sorption to soil organic matter, and limited its leaching into groundwater (Oudou and Hansen 2002) . In soil, deltamethrin undergoes various dissipation processes and is degraded via hydrolysis, photolysis, and microbial activity with halflife ranged from 11 to 72 days, depending on the soil type and oxygen availability (Elliott 1989; WHO 1990) . Degradation of deltamethrin is slower under anaerobic or sterile conditions, indicating important role of soil microorganisms in this process (Chapman et al. 1981; Zhang et al. 1984; Grant and Betts 2004) . Deltamethrin-and other pyrethroid-degrading bacteria were found in various genera such as Micrococcus (Tallur et al. 2008) , Pseudomonas (Grant et al. 2002; Jilani and Khan 2006; Fulekar 2009 ), Sphingobium (Guo et al. 2009 ), Ochrobactrum (Chen et al. 2011a) , Streptomyces (Chen et al. 2011b (Chen et al. , 2012a , Stenotrophomonas (Chen et al. 2011c) , and Bacillus (Chen et al. 2012b) . The pathway of deltamethrin degradation as well as its intermediates was described in detail. In the first step, bacteria cleave the carboxylester linkage of deltamethrin resulting in the formation of a-hydroxy-3phenoxy-benzeneacetonitrile and 3-phenoxybenzaldehyde (Fig. 2) . The latter compound is further oxidized to 2-hydroxy-4-methoxy benzophenone (Chen et al. 2011b ). The formed metabolites are more mobile, and they do not accumulate in soils. Under anaerobic conditions, deltamethrin is metabolized to carboxylic acids that are further subsequently degraded. However, the reduction of 3-phenoxybenzoic acid to 3-phenoxybenzyl alcohol in the flooded soil was also observed (Kaufman and Kayser 1980) .
The wide use and repeated applications of deltamethrin and its high affinity to soil particles may lead to soil contamination with this insecticide. Therefore, detailed investigations of microbial degradation of deltamethrin may be useful for the development of insecticide degradation strategies using microorganisms and/or enzymes involved in their hydrolysis (Chen et al. 2011b) . The aim of the study was to isolate and identify deltamethrin-degrading strains, to investigate their degradation potential in liquid medium and soils, and to assess the biodegradation rates of deltamethrin in soils. Samples of soils differing in their physico-chemical parameters were collected in June 2011 from the top layer (0-20 cm) 
Materials and methods

Chemicals and media
Certified standards of deltamethrin (98 % chemical purity) and 3-phenoxybenzaldehyde (98 % chemical purity) were purchased from Sigma-Aldrich (Germany), while all other chemicals were of analytical grade and purchased from Merck (Germany). Stock solution of deltamethrin was sterilized by filtration through 0.22-lm-pore-size Millipore membranes and used for the preparation of the insecticide containing media. For the biodegradation studies, mineral salt medium (MSM) was used. The medium contained 2.0 g of (NH 4 ) 2 SO 4 , 0.2 g of MgSO 4 Á7H 2 O, 0.01 g of CaCl 2 Á2H 2 O, 0.001 g of FeSO 4 Á7H 2 O, 1.5 g of Na 2 H-PO 4 Á12H 2 O, and 1.5 g of KH 2 PO 4 per litre of deionized water. The final pH value was adjusted to 7.2. After autoclaving (121°C, 20 min) and cooling, the medium was supplemented with a suitable insecticide solution.
Soils
A loamy sand soil treated with deltamethrin annually for 7 years was used for the isolation of deltamethrin-degrading bacteria. The other sampled soils (sandy, sandy loam, silty loam, and silty soils) with no known history of pesticide applications were used for the inoculation biodegradation studies. Detailed physico-chemical properties of the soils are presented in Table 1 . Determination of soil parameters was performed according to the methods described in our previous studies (Cycoń et al. 2011 (Cycoń et al. , 2012 . In the laboratory, the soils were gently air-dried to the point of soil moisture suitable for sieving. After sieving to a maximum particle size of \2 mm, the soils were immediately used in the bacteria isolation and biodegradation experiments.
Isolation of deltamethrin-degrading bacteria
The enrichment culture technique was used for the isolation of deltamethrin-degrading bacteria. For this purpose, 10 g of commercial agricultural soil (previously treated with deltamethrin) was added to flasks containing 100 ml of MSM supplemented with deltamethrin (50 mg l -1 ). Samples were incubated for 72 h on a rotary shaker (120 rpm) in a darkened thermostatic chamber maintained at 30 ± 1°C. After this time, 1 ml of soil suspension was transferred into flasks containing the fresh medium supplemented with the same concentration of deltamethrin and incubated for an additional 72 h under the same conditions. After seven subsequent transfers into the same medium, serial dilution of the flask samples was plated onto MSM agar plates supplemented with deltamethrin (50 mg l -1 ) for isolation of individual colonies. Isolates exhibiting distinct colonial morphologies were isolated by repeated streaking on the same agar medium.
Identification of bacterial isolates
Isolates were characterized and identified using the fatty acid methyl esters (FAMEs), biochemical test, and 16S RNA gene analysis. The biochemical properties of isolates and the substrate utilization patterns were determined by the API 20E Systems (bioMérieux Inc., France) according to the manufacturer's recommendations. The FAME profiles of isolates were analysed by gas chromatography (GC) using the Sherlock Microbial Identification System (MIDI Inc., Newark, USA). The FAMEs were extracted from each isolate using the standard and recommended procedure, consisting of saponification, derivatization, extraction, and final base washing. Cellular FAME was separated by Hewlett Packard 6890 GC equipped with a capillary column Ultra 2-HP and flame CEC cation exchange capacity, WHC water-holding capacity, MB microbial biomass a Soil previously treated with deltamethrin and used for the isolation of deltamethrin-degrading bacteria b Soils with no known history of previous deltamethrin applications and used for the biodegradation and bioremediation studies with the isolated bacteria. The values are the means of three replicates with the standard deviation which was within 5 % of the mean ionization detector (FID) using hydrogen as a carrier gas. For the 16S rRNA sequence analysis, the genomic DNA was extracted from the strain collected at the late exponential stage of growth using Genomic DNA Isolation Kit (Qiagen, USA) according to the manufacturer's recommendations. The 16S rRNA genes of S. marcescens were amplified using the universal primer pair: 27f and 1492r (Lane 1991) obtained from Sigma-Aldrich (Germany). Amplification was conducted by using a PCR Master Mix Kit (Promega) according to the manufacturer's recommendations, and a PTC-118 Thermal Cycler (BIO-RAD, CA, USA) under the following conditions:
(1) an initial denaturation step of 95°C for 2 min, (2) 30 cycles of denaturation, annealing, and extension (95°C for 1 min followed by 54°C for 30 s, with an extension step at 72°C for 2 min), and (3) a final extension at 72°C for 5 min. The PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, USA) before the amplicons were sequenced. The partial 16S rRNA sequences of strains were compared by the BlastN search analysis. Then, the identification to the species level was determined by the 16S rRNA sequence similarity with that of the prototype strain sequence in the GenBank.
Biodegradation experiment
Inoculum preparation
Two deltamethrin-degrading strains designated as DeI-1 and DeI-2 were used for inoculum preparation. Bacterial strains were cultured in 100-ml Erlenmeyer flasks containing 20 ml of MSM supplemented with deltamethrin at a concentration of 50 mg l -1 . At the exponential phase, the bacteria were pelleted by centrifugation (5 min, 10,000g). The pellet was washed twice with 0.85 % of sterile NaCl and then resuspended in NaCl to obtain the bacterial suspension at a concentration of approximately 6 9 10 8 cells/ml. The cell density (OD 660 nm) was measured using a UV-VIS spectrophotometer (Varian, USA).
Biodegradation of deltamethrin in MSM
The degradation studies were performed in 500-ml Erlenmeyer flasks containing 200 ml of sterile MSM supplemented with deltamethrin as the only source of carbon. The applied amount of insecticide corresponded to a MSM concentration of 50 mg l -1 . Next, the medium was inoculated with 1 ml of bacterial suspension giving a final concentration of approximately 3 9 10 6 cells ml -1 . Triplicate samples of MSM with strain DeI-1 or strain DeI-2 as well as insecticide only were used as controls. All samples were incubated on a rotary shaker (120 rpm) in a darkened thermostatic chamber maintained at 30 ± 1°C. Samples of MSM were periodically removed aseptically for bacterial growth rate and pH determinations, as well as for chemical analyses to determine deltamethrin concentrations and its main metabolite 3-phenoxybenzaldehyde. The growth of bacterial strains was recorded spectrophotometrically by measuring the OD at 660 nm using a UV-VIS spectrophotometer (Varian, USA), while the pH values of MSM were measured with a glass electrode using a Jenway pH-meter.
Biodegradation of deltamethrin in soils
The degradation experiment with both S. marcescens strains was performed in sterile (SS) and non-sterile (nSS) soils. In the first case, soils were sterilized three times by autoclaving for 1 h at 121°C 1 week prior to the commencement of the experiment to permit the release of the toxic volatile compounds produced. The stock solution of deltamethrin was sprayed on the surface of 500 g of SS and nSS soils by means of a micro-syringe that dispensed very small droplets and ensured thorough mixing. The applied amount of insecticide corresponded to a soil concentration of 100 mg kg -1
. Next, 1 ml of bacterial suspension was introduced in triplicate into the soil to give a final bacterial count of approximately 3 9 10 6 cells g -1 of soil. In order to study the insecticide dissipation rates under abiotic conditions, the triplicate samples of SS without bacteria were kept as controls. Additionally, the same dose of insecticide was applied to nSS, to study the potential of autochthonous microorganisms to degrade deltamethrin. The water content of the soil samples was adjusted to 50 % of the maximum water-holding capacity by the addition of sterile deionized water. All soil samples were incubated in a darkened thermostatic chamber maintained at 30 ± 1°C. Throughout the incubation period, the sterile deionized water was added to the soil treatments to compensate for any water losses exceeding 5 % of the initial amount added. Samples of soil treatments were periodically removed aseptically for the determination of deltamethrin concentrations and its main metabolite.
Chemical analyses
For deltamethrin concentration determination, 10 ml of MSM or 10 g of soil were taken for analyses. Samples of MSM were filled to volume of 20 ml with deionized water and extracted twice with 10 ml of ethyl acetate on a rotary shaker (30 min), whereas soil samples were extracted with 20 ml of ethyl acetate on a rotary shaker for 1 h. Next, the extracts were dehydrated with anhydrous Na 2 SO 4 , evaporated to dryness under a stream of N 2 at 45°C using rotary evaporator (IKA, RV05 Basic, Janke & Kunkel-Ika Labortechnik, Germany), subsequently diluted to a final volume of 10 ml with hexane, and reserved for chromatographic analysis. Concentrations of deltamethrin were determined by gas chromatography (GC) using a Hewlett Packard 6890 N GC equipped with a capillary column HP-5 (cross-linked phenyl methyl polysiloxane; 30 m, 0.32 mm i.d.; film thickness 0.25 lm) and electron capture detector (ECD) using nitrogen (0.8 ml min -1 ) as a carrier gas. The obtained data were analysed with ChemStation Software (Rev.A.0.9.03).
For 3-phenoxybenzaldehyde concentration determination, 10 ml of MSM or 10 g of soil were taken for analyses. Samples of MSM and soils were extracted with 50 ml of methanol-dichloromethane mixture (60:40, v/v) after adding 1 ml of HCl on a rotary shaker for 30 min and 1 h, respectively. Next, the extracts were dehydrated with anhydrous Na 2 SO 4 , evaporated to dryness under a stream of N 2 at 45°C using rotary evaporator (IKA, RV05 Basic, Janke & Kunkel-Ika Labortechnik, Germany), subsequently diluted to a final volume of 10 ml with mobile phase, and reserved for chromatographic analysis. Concentrations of 3-phenoxybenzaldehyde were measured by high-performance liquid chromatography (HPLC) using a Varian ProStar System (Varian, Inc., USA) equipped with a UV-VIS detector (ProStar 325), solvent delivery module (ProStar 210), and reverse-phase column (Microsorb-MV 100-5 C18 (250 mm 9 4.6 mm 9 5 lm)). The mobile phase was acetonitrile-universal buffer pH 2.36 (60:40, v/v) injected at a flow rate of 1.0 ml min -1 . The obtained data were analysed with the Chromatography Workstation Software (Star, LC WS, version 6.2).
Kinetics and statistics analyses
Disappearance of deltamethrin in MSM or soils was fitted to first-order kinetic model. The rate constant k (day -1 ) was determined using the algorithm C t /C 0 = e -kt , where C 0 is the amount of insecticide in soil at time zero and C t is the amount of insecticide in soil at time t (day). Linear regression (ln(C t /C 0 ) of the chemical data and time) was used to calculate the time in which the deltamethrin concentration in the soil was reduced by 50 % (DT50).
Kinetic data of deltamethrin degradation in MSM were analysed by a one-way ANOVA; whereas the data obtained for soil kinetics were analysed by a three-way analysis of variance (ANOVA) to determine the percentage of the variation attributable to the factors type of soil, microflora presence, and bacterial inoculum. The statistical significance of differences in measured data was assessed by a post hoc comparison of the means using the least significant differences (LSD) test. For determination of correlations between disappearance time (DT50) of deltamethrin in sterile (SS) and non-sterile (nSS) soils of different textures inoculated with bacterial strains and the respective soil properties were also calculated the Pearson's correlation coefficients. All statistical analyses were made using the Statistica 9.0 PL software package.
Results and discussion
Isolation and identification of isolates
Using a soil enrichment procedure, two deltamethrindegrading strains designated as DeI-1 and DeI-2 were screened. After incubations on nutrient agar plates (24 h), the colonies of strain DeI-1 were found to be red in colour, while the colonies of strain DeI-2 were creamy white. The two strains showed a similar biochemical pattern with the exception of urea hydrolysis. Strain DeI-1 exhibited urease activity whereas urease test of strain DeI-2 was negative. The API 20E test identified the isolates as Serratia marcescens with 99.8 and 97.0 % similarity for strains DeI-1 and DeI-2, respectively (Table 2) . Similarly, profiles of the fatty acids (Table 3 ) allowed to identify both strains as S. marcescens, and the similarity index (SIM) calculated by the MIDI system on the level of 0.876 and 0.762 for DeI-1 and DeI-2, respectively, showed very good matches. SIM is an indication of the confidence with which the isolate is identified. Strains with a SIM level of [0.1, and especially those with a SIM of C0.3, are considered positively identified, whereas strains with a SIM of B0.1 are considered tentatively identified (Germida and Siciliano 2001) . Also, identification based on the analysis of the partial 16S RNA sequence of the two strains showed that they were related to S. marcescens with high similarity (99 %) (Table 4) . Isolated strains are deposited in culture collection of the Department of Microbiology and Virology, University of Silesia, Poland. Two beta-cypermethrin-degrading strains JC1 and JCN13 belonging to genus Serratia that differed in their capability of the red pigment production and urea hydrolysis were also screened by Zhang et al. (2010) . Bacteria from genus Serratia, known as very metabolically active bacteria, were isolated from various environments contaminated with synthetic pyrethroids (Grant et al. 2002; Zhang et al. 2010 ).
Biodegradation of deltamethrin in MSM
Culturing bacteria in MSM revealed that both strains were capable of using deltamethrin as the sources of carbon and energy (Fig. 2) . However, results showed differences in their growth and the deltamethrin degradation rates in MSM. As indicated by kinetic data, the degradation of deltamethrin proceeded by strain DeI-1 was more effective in comparison with degradation proceeded by strain DeI-2. In the first case, the degradation of deltamethrin reached the values of 88.3 % after 10 days of incubation (Fig. 2a) , and this process was characterized by a rate constant of 0.214 day -1 , and DT50 was 2.8 days (Table 5 ). In contrast, in MSM with strain DeI-2 deltamethrin disappeared with a rate constant of 0.176 day -1 , resulted in the degradation of this insecticide at a level of 82.8 % of the initial dose within 10 days (Fig. 2b) , giving a higher value of DT50 on the level of 4.0 days (Table 5 ). In turn, the degradation of deltamethrin in MSM without bacteria was slight, and 93.1 % of the initial dose of deltamethrin still persisted after 10-day experimental period (Fig. 2) .
To the best of our knowledge, there is no information on S. marcescens degrading deltamethrin; however, earlier studies showed a high potential of this species to degrade other pesticides belonging to the group of the organophosphorus insecticides (Lakshmi et al. 2008; Cycoń et al. 2009; Abo-Amer 2011) . Moreover, some strains from the genus Serratia were characterized by a high potential for degradation of other pyrethroids. For example, Zhang et al. (2010) showed that strain JC1 could degrade 92 % beta-cypermethrin within 10 days, while the degradation rate of strain JCN13 reached 89 % after 4 days. Also, Grant et al. (2002) observed that strain Serratia closely related to Serratia plymuthica degraded cypermethrin or flumethrin by at least 50 % after 20 days of incubation in mineral medium. It has also been reported that some bacteria were found to be capable of degrading a wide spectrum of synthetic pyrethroids. For example, deltamethrin-degrading Streptomyces aureus strain HP-S-01 (Chen et al. 2011b ) and fenvaleratedegrading Stenotrophomonas sp. strain ZS-S-01 (Chen et al. 2011c ) were capable of degrading such pyrethroids as fenpropathrin, bifenthrin, beta-cypermethrin, cyhalothrin, and permethrin with a wide range of efficacy. For efficient bioremediation of pyrethroid-contaminated environments, it would be advantageous if microorganisms could be used against many pyrethroids. Since their structure is generally similar, it is expected that these organisms would be capable of degrading various insecticides from this group. As it was revealed by Zhang et al. (2010) , there was a relationship between high cell surface hydrophobicity (CSH) and degradation ability of bacteria from genus Serratia. The authors showed that strain JCN13 had higher hydrophobicity and potential to degrade beta-cypermethrin than strain JC1. Differences in the degradation rate of deltamethrin proceeded by strains in our study might be the results of their different CSH. Moreover, a lower rate of deltamethrin degradation in MSM by strain DeI-2 in comparison with strain DeI-1 might be also attributed to its higher sensitivity to 3-phenoxybenzaldehyde, one of the main deltamethrin metabolites known from its toxicity. Chemical analyses showed that the concentration of 3-phenoxybenzaldehyde in MSM inoculated with respective strain increased proportionally to the decrease in the parent compound over the experimental period. After 10 days of incubation, the concentration of 3-phenoxybenzaldehyde in MSM inoculated with strain DeI-1 or DeI-2 was measured at 13.2 or 11.2 mg l -1 of MSM, The values are the means of three replicates with the standard deviation which was within 5 % of the mean a Different letters indicate significant differences between treatments (P \ 0.05, LSD test) b Different letters indicate significant differences, considering the effects of bacterial inoculum, microflora presence, and type of soil (P \ 0.05, LSD test) respectively (Fig. 2) . 3-phenoxybenzaldehyde has been reported as an antimicrobial compound, and therefore could prevent the proliferation of bacteria (Xu et al. 2007; Xia et al. 2008) . This is a one of the possible reason for not completely degradation of deltamethrin in MSM by strains DeI-1 and DeI-2. This phenomenon during deltamethrin degradation was also observed earlier by Khan et al. (1988) . However, some bacteria from the genus Streptomyces (Chen et al. 2011b ) and fungi belonging to the genus Cladosporium (Chen et al. 2011d ) were found to be capable of degrading this compound in mineral medium with high efficiency. Due to the growth of both strains and the degradation of deltamethrin, a slight decrease in MSM pH from 7.20 to 5.91 and 6.26 for MSM ? DeI-1 and MSM ? DeI2, respectively, during 10 days of incubation was observed (data not shown). It has been reported that pH had a marked influence on the deltamethrin and other synthetic pyrethroids degradation by bacterial isolates, and a decreased stability under alkaline conditions was observed for these compounds (Chen et al. 2011b, c) .
Biodegradation of deltamethrin in soil
Our study showed that degradation of deltamethrin in nonsterile soils (nSS) with naturally occurring microorganisms was relatively slow. However, autochthonous microflora in all used soils was characterized by a degradation potential of deltamethrin, and during the 84-day experiment, 56.7, 59.8, 48.1, and 41.8 % of the initial dose of deltamethrin was removed (Fig. 3) , giving its DT50 of 71.9, 68.8, 86.4, and 105.3 days (Table 5) in sandy, sandy loam, silty loam, and silty soils, respectively. In contrast, significant amounts of deltamethrin, that is, 77.0-89.0 % of the initial dosage, still persisted in sterile soils after 84 days of the experiment (Fig. 3) . These results confirm the observations made by Khan et al. (1988) and Gu et al. (2008) showing that microbial degradation is the main mechanism of deltamethrin dissipation in soils whereas its abiotic breakdown is less important.
Studies on other synthetic pyrethroids have shown that microorganisms which can degrade them in culture conditions also perform their degradation in soil (Chen et al. 2011c (Chen et al. , 2012b . In our biodegradation experiment, soils were inoculated with 3 9 10 6 bacterial cells g -1 of soil, and this inoculum density appeared to be able to eliminate deltamethrin efficiently. As indicated by other experiments, the inoculum size is an important factor determining the efficient biodegradation of the applied pesticides (Comeau et al. 1993; Chen et al. 2011b; Cycoń et al. 2011 ). Strains DeI-1 or DeI-2 introduced into sterile soils showed a higher degradation potential for deltamethrin removal (16-26 or 5-17 %) than those observed in non-sterile soils with naturally occurring attenuation, and no delay in deltamethrin degradation was observed ( Fig. 3; Table 5 ). Generally, in all experimental treatments, the degradation of deltamethrin proceeded by strain DeI-1 was more effective in comparison with degradation proceeded by strain DeI-2.
The degradation dynamics of deltamethrin in nSS bioaugmented with respective strains indicated that during the first 2 weeks the process was slow and its rate was similar to that observed in non-bioaugmented nSS (Fig. 3) . Depending on the soil type, only 10-14 % of the applied dose of deltamethrin was degraded in nSS during 14 days. After this time, the disappearance of pyrethroid increased substantially, giving the final rate of degradation on the level of 61-82 or 70-92 % for soils inoculated with strains DeI-1 or DeI-2, respectively (Fig. 3) . Inoculation of non-sterile soils with strains DeI-1 or DeI-2 enhanced the disappearance rates of deltamethrin (Fig. 3) , and its DT50 was reduced by 44.9, 33.1, 44.4, and 58.2 days or 39.1, 25.8, 35.6, and 46.0 days in sandy, sandy loam, silty loam, and silty soils, respectively, in comparison with non-sterile soils with only indigenous microflora (Table 5 ). The observed low rate of degradation during the first 2 weeks might be the result of the necessity of bacterial adaptation to the presence of pyrethroid, adaptation of introduced strain to soil conditions as well as proliferation of indigenous bacteria that can use deltamethrin as an additional source of carbon and energy. This suggestion may be supported by the increase in the numbers of specific group of microorganisms in soil after application of different pyrethroids and other chemicals, which was observed in many studies (Cycoń et al. 2006; Vig et al. 2008; Zhang et al. 2009; Cycoń et al. 2010 ). The initial delay in deltamethrin degradation may also be explained by the fact that soils used in this study had no contact with pyrethroids and other pesticides for at least 10 years, and the number of bacteria capable of pesticide utilization was very small. The retardation in pesticide dissipation may be also related to the competition of inoculated strains with other microorganisms or antagonistic inhibition via substances synthesized by indigenous microorganisms. Moreover, a relatively high deltamethrin concentration (100 mg kg -1 of soil) was also an important factor affecting microbial growth. However, synthetic pyrethroids applied at the recommended field rate are non-toxic to soil microorganism, as these organisms do not have sensitive targets (Rangaswamy and Venkateswarlu 1993; Widenfalk et al. 2004; Cycoń et al. 2006) . The delay in pesticides and other chemicals degradation just after their application into soil indicating the period of time needed for the proliferation of a small population of pesticide-degrading microorganisms to the optimal level required for an effective degradation of the pesticide was also observed in some studies (Mrozik et al. 2010; Chen et al. 2011a, b) . The observed enhancement of deltamethrin elimination in our study can be explained by the fact that both strains increased the catabolic potential of soil, and moreover, autochthonous soil microorganisms had a synergistic ability to degrade deltamethrin. This phenomenon was also observed in earlier studies on degradation of other synthetic pyrethroids. For example, an inoculation of soil contaminated with fenvalerate (50 mg kg -1 of soil) with Stenotrophomonas sp. strain ZS-S-01 increased the rate of pyrethroid dissipation, and its half-life value was eight times lower than for soil without strain (Chen et al. 2011c) . Also, Chen et al. (2012a) found that inoculation of beta-cypermethrin-degrading S. aureus HP-S-01 into soil with this pyrethroid (50 mg kg -1 of soil) resulted in a decrease in beta-cypermethrin at a level of 87.8 % of the initial dose within 10 days of experiment, whereas in the same period, the degradation rate of betacypermethrin in non-inoculated soil reached 25.1 %.
As indicated by chemical data, the concentration of 3-phenoxybenzaldehyde, the main metabolite of the degradation of deltamethrin, increased proportionally in all soil treatments to the decrease in the parent compound over the experimental period (Table 6 ). However, the concentration of this compound in sterile soils inoculated with strains DeI-1 or DeI-2 as well as with naturally occurring microorganisms, and in the same soils bioaugmented with respective strain reached maximum values generally after 56 days, and after this period declined (Table 6 ). The observed initial increase in the concentration of 3-phenoxybenzaldehyde in soils, followed by its depletion during the soil incubation, might suggest that both indigenous microorganisms and introduced strains had the ability to utilize this compound. As a general degradation product of deltamethrin and other synthetic pyrethroids, 3-phenoxybenzaldehyde has higher mobility than the parent compounds and causes widespread contamination (Xia et al. 2008; Chen et al. 2012b ). Moreover, 3-phenoxybenzaldehyde is characterized by a high level of toxicity and classified as an endocrine disrupting chemical (Meecker et al. 2009 ). Therefore, there is a need to search for cost-effective and highly efficient bioremediation method to eliminate this compound from the soils. Examples of strains capable of degrading of 3-phenoxybenzaldehyde, thus useful for its removal from soil, are deltamethrin-degrading S. aureus strain HP-S-01 (Chen et al. 2011b ) and fenvalerate-degrading Stenotrophomonas sp. strain ZS-S-01 (Chen et al. 2011c ).
The ability of our strains to degrade 3-phenoxybenzaldehyde should to be proved in both liquid and soil experiments.
Our data indicated that the type of soil had a marked effect on the deltamethrin disappearance, and this was also confirmed by the statistical analyses. The three-way ANOVA indicated that DT50 of deltamethrin were significantly affected by soil type (P \ 0.01), microflora presence (P \ 0.01), and inoculum (P \ 0.01), and the interaction between these factors was also significant (P \ 0.01). The inoculum (43.8 %), microflora presence (16.4 %), and the interaction between these factors (26.2 %) explained most of the variance (Table 7) . In our study, the highest rate of deltamethrin degradation was observed in non-sterile sandy soil bioaugmented with DeI-1 or DeI-2, in which DT50 reached the value of 27.0 or 32.8 days, respectively, whereas DT50 in non-sterile silty SS ? De ? DeI-2 ND 4.2 ± 0.2 8.7 ± 0.6 10.9 ± 1.0 12.5 ± 1.0 16.1 ± 1.0 14.0 ± 1.3 nSS ? De ND 0.9 ± 0.1 3.8 ± 0.3 5.8 ± 0.8 9.5 ± 0.8 8.9 ± 0.5 6.4 ± 0.6 nSS ? De ? DeI-1 ND 2.2 ± 0.3 9.8 ± 0.2 14.7 ± 0.9 16.8 ± 0.9 13.1 ± 0.7 11.1 ± 0.9 nSS ? De ? DeI-2 ND 1.4 ± 0.4 8.7 ± 0.4 11.8 ± 1.0 14.7 ± 0.6 11.8 ± 0.5 9.7 ± 0.6 nSS ? De ? DeI-2 ND 1.0 ± 0.1 5.2 ± 0.4 9.1 ± 0.6 11.4 ± 0.9 13.5 ± 0.9 12.1 ± 1.0
The values are the means of three replicates with the standard deviation which was within 5 % of the mean ND not determined (Table 8) . Generally, the lower content of clay and organic carbon in soil, the higher degradation rate of deltamethrin was obtained. Correlation between dissipation of deltamethrin and soil organic matter contents was observed by Gu et al. (2008) . However, in contrast to our results, they found the highest dissipation of deltamethrin in soils characterized with the highest organic matter. The significant differences in the cypermethrin mineralization in soils differing in the sand and silt contents were also reported (Ismail et al. 2012; Fenlon et al. 2011) . The observed in our study lower degradation of deltamethrin in silty loam and silty soils though high amount of microbial biomass confirmed that organic matter and clay contents are the major factors controlling insecticide bioavailability (Hong et al. 2007; Gu et al. 2008; Munoz-Leoz et al. 2009 ). The lipophilic properties of deltamethrin cause its strong tendency to bind various organic and non-organic soil components, and these pyrethroids may persist for long period in soils (Oudou and Hansen 2002) . Khan et al. (1988) using deltamethrin labelled with 14 C found that its residues, identified as a parent compound and its metabolite, were still present at the end of a 40-month experiment. However, the adsorption and desorption processes are associated with other soil parameters such as pH and water content (Oudou and Hansen 2002) . The higher ratio of deltamethrin dissipation observed in sandy soils, that characterized by a low content of organic matter and clay fraction, was connected with a higher availability of insecticide to bacteria as compared to silty soil.
Conclusion
The studies on degradation of pyrethroids are important because the pesticide-degrading bacteria, and their consortia may be an efficient tool for bioremediation of pyrethroid-contaminated environments. Results of our study showed that both strains DeI-1 and DeI-2 have a potential to degrade deltamethrin in liquid medium and various type of soils. The bioaugmentation of all tested soils with strains DeI-1 or DeI-2 increased the soil catabolic activity and significantly enhanced the removal of deltamethrin. These results suggest that the tested strains could be a promising candidate for remediation of soil environments contaminated with deltamethrin. 
